(12)

United States Patent

Blandin et al.

US009430942B2

US 9,430,942 B2
Aug. 30, 2016

(10) Patent No.:
45) Date of Patent:

(54) METHOD AND SYSTEM FOR OPTIMIZING

(71)

(72)

(73)

")

@

(22)

(65)

(1)

(52)

(58)

(56)

ROAD TRAFFIC CONTROL IN THE
PRESENCE OF INCIDENTS

Applicant: International Business Machines
Corporation, Armonk, NY (US)

Inventors: Sebastien Blandin, Singapore (SG);
Laura Wynter, Westport, CT (US)
Assignee: International Business Machines
Corporation, Armonk, NY (US)
Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 202 days.
Appl. No.: 14/038,288
Filed: Sep. 26, 2013
Prior Publication Data
US 2015/0088406 Al Mar. 26, 2015
Int. C1.
GO08G 1/01 (2006.01)
U.S. CL
CPC ......... GO08G 1/0145 (2013.01); GOSG 1/0133
(2013.01)
Field of Classification Search
CPC ....... GO8G 1/00; GO8G 1/0104; GO8G 1/20;
GO8G 1/096811; GO8G 1/205; GO8G 1/04;
GO8G 1/081; GO1C 21/3492; GO9B 19/167;
GO9B 9/04
USPC ............ 701/3, 117, 118, 119, 408; 340/909;

434/29

See application file for complete search history.

References Cited

U.S. PATENT DOCUMENTS

5,863,203 A * 1/1999 Bragdon ... GO9B 19/167
434/29
6,671,680 B1* 12/2003 Iwamoto .......... GO6F 17/30554
707/737

100

8,275,540 B2* 9/2012 Downs ................. GO8G 1/0104
340/995.13
8,358,222 B2 1/2013 Gueziec

8,423,048 B2 4/2013 Morrison
8,433,505 B2* 4/2013 Rogers .......c....... GO8G 1/0104
340/992
2003/0120589 Al* 6/2003 Williams ........... G06Q 10/0635
705/38
2005/0267651 Al* 12/2005 Arango ............ GO08G 1/096811
701/3
2008/0094250 Al*  4/2008 MYr .cooovvvercrnrcnnes GO8G 1/04
340/909
2008/0235398 Al* 9/2008 Helbing ............... GO5B 13/024
709/243
2011/0273568 Al* 11/2011 Lagassey ............. GO7C 5/008
348/159
2013/0018574 Al* 1/2013 Adler ................. GO1C 21/3492
701/408
2013/0194922 Al* 82013 Sukonik .................. HO4L 47/60
370/230

OTHER PUBLICATIONS

Zografos et al., Zografos et al., “An integrated framework for
managing emergency-response logistics: The case of the electric
utility companies.” Engineering Management, IEEE Transactions
on 45.2 (1998): 115-126.

Minciardi et al., . “A decision support system for resource inter-
vention in real-time emergency management.” International Journal
of Emergency Management 4.1 (2007): 59-71.

(Continued)

Primary Examiner — Yuri Kan
(74) Attorney, Agent, or Firm — Daniel P. Morris; McGinn
IP Law Group, PLLC

(57) ABSTRACT

A method (and structure) for adjusting control parameters of
a traffic management system in a presence of one or more
incidents on a network, including representing, using a tree
format, a prioritization across network junctions prior to an
incident. An incident-affected junction is elevated higher in
priority on the tree, depending upon a severity level of the
incident. Weights are associated with each junction as a
function of its height in the tree. A real-time optimization of
the control parameters for the network is solved, using the
weights on the junctions.
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FIGURE 4
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1
METHOD AND SYSTEM FOR OPTIMIZING
ROAD TRAFFIC CONTROL IN THE
PRESENCE OF INCIDENTS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to performing
real-time road traffic control in the presence of one or more
incidents on the network. More specifically, a method rep-
resents, on a tree, a prioritization across network junctions
prior to an incident, elevates the incident-affected junction
higher in priority on the tree, depending upon the severity
level of the incident, associates weights with each junction
as a function of its height in the tree, and solves the real-time
optimization of control parameters using the weights on the
junctions.

2. Description of the Related Art

Real-time command centers, such as road traffic com-
mand centers, rail command centers, and supply chain
command centers, are complex operations to manage. For
example, within the scope of road transportation manage-
ment and operations, authorities worldwide have recognized
the need to improve the intelligence of their real-time
command centers.

Command centers are most critical when there are inci-
dents that take place on the network. A command center
needs to be able to respond effectively to such incidents with
very little response time available.

An important component of an effective and rapid
response is the decision support capability that directs
command center operators as to what actions to take when
the need arises. The most difficult task for command center
operators is determining the appropriate network-wide
response to incidents.

SUMMARY OF THE INVENTION

In view of the foregoing, and other, exemplary problems,
drawbacks, and disadvantages of the conventional systems,
it is an exemplary feature of the present invention to provide
a structure (and method) for performing real-time road
traffic control in the presence of one or more incidents on the
network.

An exemplary feature of the present invention is to
provide a real-time traffic control method and system that
leverages data that is currently commonly available for most
transportation networks.

In a first exemplary aspect of the present invention, to
achieve the above features and objects, described herein is
a method for adjusting control parameters of a traffic man-
agement system in a presence of one or more incidents on a
network, including: representing, using a tree format, a
prioritization across network junctions prior to an incident,
as executed by a processor on a computer; elevating an
incident-affected junction higher in priority on the tree,
depending upon a severity level of the incident; associating
weights with each junction as a function of its height in the
tree; and solving a real-time optimization of the control
parameters for the network, using the weights on the junc-
tions.

In a second exemplary aspect, described herein is an
apparatus including a central processing unit (CPU); and a
memory, wherein the memory has tangibly embodied
thereon a set of machine-readable instructions for executing
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the method described above for adjusting control parameters
of a traffic management system in a presence of one or more
incidents on a network.

In a third exemplary aspect, also described herein is a
method of traffic control, including representing a network
for traffic as comprising a plurality of links interconnected
by a plurality of nodes; loading a traffic model for execution
by a processor on a computer, the traffic model comprising
a fluid model, that describes a flow of traffic within links of
said network, and a junction model, that describes how
traffic on an incoming link to a node is propagated to
outgoing links of the node, the traffic model assigning
priority weights to the nodes of the network and using the
priority weights for calculating parameters for optimal traffic
control in the network; receiving, as input data into the
computer, indication of current traffic on the network; exer-
cising the traffic model with the received input data to
calculate one or more control parameters; and outputting the
one or more control parameters from the computer to one or
more devices in the network that control traffic flow,
wherein, upon occurrence of an incident that causes a
disruption in an existing traffic flow on the network, the
traffic model adapts to the incident by changing one or more
of the priority weights of node within the network, depend-
ing upon a location in the network and a severity of the
incident.

The present invention thus provides information that
permits a far superior response to incident, notoriously
difficult because of the need for split-second decision-
making under pressure. The method of the present invention
can be applied to any network having traffic that is control-
lable and for which there is data sufficient to reasonably
determine amounts of traffic throughout the network.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other purposes, aspects and advantages
will be better understood from the following detailed
description of a preferred embodiment of the invention with
reference to the drawings, in which:

FIG. 1 shows in block diagram format 100 the input/
outputs of an exemplary embodiment of the present inven-
tion;

FIG. 2 shows an example of a tree representation 200 of
a normal traffic network segment that demonstrates the
control mechanism for green waves of traffic in the network;

FIG. 3 shows a modification 300 of the tree representation
following an incident within the network;

FIG. 4 shows a graph 400 exemplarily demonstrating the
relationship between flow and density on a link in a traffic
network;

FIG. 5 shows an exemplary demonstration 500 of a soft
control mechanism using variable message signs 501;

FIG. 6 illustrates an exemplary hardware/information
handling system 600 for incorporating the present invention
therein; and

FIG. 7 illustrates non-transitory storage medium 700 (e.g.,
storage medium) for storing steps of a program of a method
according to the present invention.

DETAILED DESCRIPTION OF AN
EXEMPLARY EMBODIMENT OF THE
INVENTION

Referring now to the drawings, and more particularly to
FIGS. 1-7, an exemplary embodiment of the method and
structures according to the present invention will now be
described.
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The present invention performs real-time traffic control in
the presence of one or more incidents on a network.
Although the present invention is described herein relative
to transportation networks, it is noted that this inventive
method is not intended as being limited to this specific type
of network or system. It can be applied to other types of
networks other than transportation networks, such as, for
example, water or energy supply systems, that may, how-
ever, be less well tracked and equipped with real-time data
provisions than traffic transportation networks. Some traffic
transportation networks have recently evolved to provide
real-time data even as incidents occur.

In the context of the present invention, the term “network”
is intended as referring to combination of a plurality of links
upon which traffic can flow from one point of the network
to another point in the network. The links are interconnected
by junctions (nodes), meaning points in the network at
which links interconnect in a manner that traffic leaves one
link and enters into at least one other link in the network, to
selectively change direction of movement within the net-
work. In the context of the present invention, an “incident”
is intended as referring to any event that causes a disruption
of traffic flow in at least one link or node of the network
relative to the traffic flow immediately prior to the occur-
rence of the event.

As exemplarily shown in the block diagram 100 of FIG.
1, the method of the present invention is exemplarily imple-
mented as a Control Plan Optimizer (CPO) module 101 that
is part of a larger tool 102 that provides a set of input
functionalities, including the CPO module of the present
invention, from incident detection through incident duration
prediction and incident impact propagation. The CPO func-
tion of the present invention is intended to provide optimal
response plans to mitigate negative impacts of one or more
incidents on a road network and is triggered by the detection
of at least one incident having sufficient impact to the
network performance.

As an overview, the CPO module 101 accepts as inputs a
set of network-wide traffic predictions 103 and, in particular,
on the network link having a detected traffic incident 104, as
well as the non-impacted network links. The traffic predic-
tions are assumed to include flow predictions as well as
occupancy predictions, and/or speed predictions. Another
input to the CPO model is a prediction of the duration of the
incident(s) 105, available either from historical data on
similar incidents, by user input, or as deduced from speed or
occupancy predictions of the incident link, using a predicted
return-to-normal time. Thus, the CPO module receives cur-
rent network traffic data and uses data on current incidents,
including their estimated severity and their predicted dura-
tion, in conjunction with the current data 106 for traffic on
the network at the time of an incident.

An incident can be automatically detected by the system
controller module, based on changes of the current traffic
data, or an incident can be manually input by an operator.
The method leverages simulated traffic flow data to take into
account likely routes used by drivers, in order to identify
locations on the network that should be subject to optimized
control in the presence of incidents.

Thus, the approach of the present invention takes a
network-wide view of the traffic control problems, to take
into account effects of the control actions on the full traffic
state. This is a considerable improvement over the current
state of traffic control. The complete mathematical model
used to implement this mechanism is included after the
discussion below that summarizes an exemplary underlying
mechanism of the present invention.
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A key mechanism used in one exemplary embodiment of
the present invention, exemplarily shown in FIG. 2, is that
a hierarchy of junctions is maintained across the junctions
on the road network, using a tree representation 200. Using
that hierarchy, the tool can then establish and maintain
network timing parameters to enable so-called “green
waves” of traffic flow. When an incident occurs in the
network, the timing parameters for lights in the system can
be adjusted, to adapt to the incident, including possibly
adapting the existing green waves in the network to work
around the deviations caused by the incident.

FIG. 2 exemplarily shows two separate green waves
occurring in the network. The first green wave involves
junctions 1, 3, 8, 2, 5, 9 and uses junction 8 as the lead
junction for that green wave. The second green wave
involves junctions 4, 6, 7 and uses junction 4 as the lead
junction. In other words, in this example, it is the timing of
junctions 8 and 4 that are used by the other signals/junctions
in the group, with the appropriate offset, meaning the time
to get from one junction to the next, assuming normal traffic
speeds at the current time.

FIG. 3 shows exemplarily an incident 302 having
occurred between junctions 3 and 8, and the resultant
escalation of junction 3 as becoming more important at that
location in the network due to the incident. Once an incident
occurs which blocks partially or totally the access to junc-
tion 8, the present invention can increase the priority of the
junction 3 upstream of 8, as indicated by label 301, so that
when the optimal traffic signal timings are computed, with
a goal of maximizing the network flow (e.g., throughput)
through the network, a greater emphasis will be placed on
the flow through junction 3, e.g., to the right or the left, since
the other links in the small figure next to the tree are not
shown in the figure, but there would typically be other links
going out of 3 besides the link to 8.

It should be clear that an incident can occur anywhere
within a network, at either a junction or along a link. FIG.
4 exemplarily shows the relation 400 between the flow and
the density at a junction in the network, and how the tool of
the present invention can model the impact of the control
parameter, which is the green time at the signal. In essence,
reducing this green time lowers the maximum flow that can
go out of a link, which is, in fact, reducing the top of the
triangle 401 to the trapezoid 402. That is, in the model
described in detail below, the control parameters (g,h) are
optimized a posteriori, once an incident becomes known or
recognized. Once an incident has occurred, it can thereafter
serve as historical data that can provide initial conditions for
optimization when similar incidents occur, not only in the
context of the present invention dealing with incident impact
minimization of traffic disruption, but also in the context of
making predictions for future incidents in the network, such
as predicting durations of similar incidents and predicting
impacts on traffic flow for similar incidents.

Thus, for example, co-pending application entitled “Pre-
diction of Local and Network-Wide Impact of Non-Recur-
rent Events in Transportation Networks”, could use traffic
data related to a current incident as future historical incident
data, using that historical data to then provide the input data
shown in FIG. 1 of the present application for traffic
prediction 103 and for incident duration prediction 105 into
the CPO module 101 of the present invention.

The illustration 500 in the FIG. 5 shows that a variable
message sign 501 can also be provided as an output of the
tool of the present invention, as a secondary means of traffic
control, by giving a message to drivers to exit towards a
different road. The model determines the percentage of flow,
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within limits of the compliance rate 4 (e.g., see label 502 in
FIG. 5) of drivers to messages, that should be diverted. This
translates to how long the sign should display the message,
for example.

The following sections present details of the mathematical
the formulation and approach underlying the CPO compo-
nent of the present invention.

Preliminaries

We define a graph representing the full traffic network of
study, G=(V, E), where V is the set of nodes in the network,
IV its cardinality, and E the set of links, or edges, connect-
ing the nodes. Let |[El=m. The graph G is assumed to be
strongly connected. Each edge eeE is directed from a tail
node, tail (e)eV, to a head node head (e)eV. For each node
veV, we define the sets of outgoing and incoming edges
from/to that node as: O(v):={eeEltail(e)=v} and
I(v):={eeElhead (e)=v}. A subset V of the junctions V are
assumed to be controllable. That is, V<V is the set of
junctions having at least one controllable mechanism con-
trolled by a computer executing the method of the present
invention.

In an exemplary embodiment, traffic is represented in the
present invention using a pair of models:

1. a macroscopic fluid model describes the flow of traffic

within each link of the network; and

2. a junction model, defined on each node of the network,

describes how the traffic on an incoming link to a node
is propagated to the outgoing links of the node.

Using a macroscopic fluid model implies that each link is
assumed to be a homogeneous entity with length L. The
traffic is characterized by its density, itself a function of
space and time, i.e., p(X,t). Traffic flow is in turn a concave
function of density, Q(p(x,t)), known as the so-called “fun-
damental diagram”, and defined over the interval pe[O,
P max,c] Tor some non-negative, possibly link-specific, maxi-
mal density value, p,,,,. .. The density at which Q(*) takes its
maximum is labeled the critical density, p_ ., and may be
specific to each edge, e; the flow at the critical density is
called Q,,,. .~Q(p_.). For traffic data defined in terms of
occupancy, or speed, suitable transformations of the density,
or flow, respectively, are employed.

It is noted that FIG. 4 provides a simplistic example of this
concept of fundamental diagrams.

The model is by nature dynamic and, hence, the param-
eters of the model are defined over a time horizon of discrete
time periods ne[O,N]. It is assumed that nodes are not able
to store traffic. Therefore, at each node, the flow is propa-
gated from the incoming links into the node to the outgoing
links. If e is an incoming link at a node v and e an outgoing
link, and if the splitting rates of traffic at the nodes are
known, then p_/” is the, possibly time-varying, value indi-
cating the proportion of the outgoing flow from link e that
would like to enter link f, with %, _,,)p, /"=1 for every eel(v),
veV, because of the lack of storage capacity at the nodes.

A primary objective of the method of the present inven-
tion is to determine optimal control plans in the presence of
a detected incident. When an incident is detected at time T,
a prediction of the traffic level (flow, speed, and/or occu-
pancy) must be computed on each impacted link and for
each subsequent time step in a pre-defined forecasting
horizon [n+1, n+tAt], using the traffic model described in
greater detail below. However, in addition to the traffic
model presented here, it is assumed that traffic predictions
are available providing flow (and/or occupancy, speed)
forecasts on a subset EC E of the non-impacted links of the
network, as well as on the incident link itself, at a pre-
determined number T of discrete At-length time steps into
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the future from the current time, n, [n+1,n+tAt]. These
external predictions will therefore be used as boundary
conditions on the model defined here.

As briefly mentioned above, the pre-defined forecasting
horizon can be derived in any of several ways. For example,
historic data on incidents can be used to derive a generic
value used for all incidents or the historic data can be used
to derive different values of forecasting horizons for differ-
ent types of incidents or incidents in different locations in the
network. Another possible strategy is to initially use a
pre-defined forecasting horizon and then monitor on-going
traffic on the network, to determine whether this forecasting
horizon seems sufficient in length to accommodate the
current incident, and then updating the forecasting horizon
as required, based on determining whether traffic has recov-
ered from the incident. This approach is similar to the
method described in co-pending application entitled “Pre-
diction of Local and Network-Wide Impact of Non-Recur-
rent Events in Transportation Networks”, the contents of
which of hereby incorporated by reference.

Two forms of control are available:

(1) traffic signal green time changes, given by the decision
variable t,”, for phase j (which collects a number of

link-link movements that may take place at the same
time) at junction v during time step n; and

(2) traveler information provision, such as setting variable

message sign (VMS) content, e.g., see label 501 in FIG.
5, given by the decision variable h,€[0,1] on link e,
representing the proportion of traffic on link e sug-
gested to divert at link f at time n. Since traveler
information is considered a soft control where user
compliance is optional, we define also a compliance
rate &/, both time- and location-varying, in that the
compliance rate may depend on the spatial separation
between link e and link f. Label 502 of FIG. 5 dem-
onstrates visually this compliance rate &, as shown by
the dotted line demonstrating the change in direction at
the next intersection.

For both types of control, we shall assume that control
changes may only be made at time points n mod At.

The Traffic Model

The traffic model is comprised of a dynamic link flow
model and a junction model along with a set of boundary
conditions. The models are typically solved sequentially
over the set of links and nodes in the network.

The link model relies on the resolution of a kinematic
wave equation to propagate and conserve the flow of traffic
across the link in the time-space plane. The equation in this
case, defined in terms of traffic density, states that

®

pxlx, ) =0

dQ(p(x, 1))
pilx, 1) + Tp

where dQ(p(x,t))/dp is the derivative of the flow function of
the fundamental diagram, and where the definition of the
derivative is piecewise when Q(*) is piecewise continuously
differentiable.

The resolution of each link model involves a spatial
discretization of the link into a finite number of discrete
cells, which satisfy the kinematic wave equation (1) across
their boundaries. Let the number of cells on link e be given
by C, and the number of cells across the network given by
C=ZX,.;C,. In addition, a fine time discretization is needed.
For each prediction time step 1 . . . T described above, a
number of smaller time steps are required to solve the traffic
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model over each link. For simplicity, we refer to each
smaller time step in the following as n. The two time scales
need only be distinguished in the control model described in
more detail in the next section entitled “The Control Model”.

The network structure is defined in terms of cells as it is
in terms of links so that head (i)=v means that the down-
stream end of cell i is the node v, and I(v) may refer either
to the set of incoming network links or cells adjacent to node
v, depending on the context. Letting i, i+1 denote the
upstream and downstream cells, respectively, the flow Q is
given by the fundamental diagram evaluated at the following
density values:

Q) it (pfy = 0 < pc) @
Qots ). if (oo = Py < o)
e 1 ey < pc < 07)

min{Q(ef), Qef, ) 3 (0 =< 1)

o =

where cell i lies on network link e. Q,,,. . represents, in
general, the value Q(p, ).

Expressing flow conservation for each cell leads to a
temporal update of the density on a link according to:

©)

Vgt

_on AN n 7
pio=p At E(Q(P; )= QWi 1))s

where AN is the duration of the time interval and Ax the
length of the cell.

At the junctions, the flow from each incoming cell into the
node must be propagated to each outgoing link. There are
clearly an infinite number of ways that flow may be allocated
across each junction. However, by fixing the splitting rates
at each node n, to a set of fixed values {p,/leel(v), feO(V)},
the range of possible flow allocations across the junctions is
considerably reduced. Specifically, it is supposed that the
amount of flow that is able to enter the junction given
upstream and downstream constraints is split in proportion
to the fixed splitting rates of B, for each node v. Using this
approach, a linear program can be expressed for each
junction which serves to compute the maximal flow that can
be sent from the incoming edges at the node to the outgoing
edges, subject to the constraints given by the cell flows and
capacities, for each time interval n. Letting B,eR '°*""' be
the node-specific matrix of splitting rates, i.e., B_,,"=p /" for
head (e)=tail (f)=v, the possibly non-unique junction tlows
into node v are given by the solution q"*’eR_ "' to:

)

max

{qel 2

ecl(v)
Such that B,g < R}, f € O(»),

O=<g=<Sl ecly),

where S_.” gives the maximal amount of flow that can be sent
from link e through node v at time step n, and R/ the
maximal amount that can be received into link f from the
node, defined as the hypocritical and hypercritical portions
of the fundamental diagram, respectively. Specifically, S.”
and R/ are defined over the interval [0, p,,,,.] with S_” taking
the values of Q_(*) for eel(v) in the hypocritical region and

taking the value Q,,..,", for P €[ o0 el
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Qpy),  if (pe € [0, peel)
Qraxes 1 (0f € [PoePrmaxel) >

0, otherwise

)
5=

defined as such to permit subsequent optimization of the
traffic signal control variable, and similarly R/ set to Q,(*)
for feO(v) in the hypercritical region and taking the value

Qprany Tor p£l0, p,4:

if (o €10, pesD ©
Q07 if (o5 € [Pe,r> Prmaxe)

0, otherwise

/S
R'}. =

The junction flows out of the node are then given by B,”q"~".
In order to accurately model the impact of an incident on
the traffic flow propagation, the boundary conditions of the
traffic model must take into account the predicted state of the
network at the spatial boundaries of the impacted region, for
each time step. Given the junction model defined above, the
definitions of receiving and sending flows can be used as a
proxy for the incident-induced boundary conditions. In other
words, the spatial boundaries of the traffic model should
include precisely the set of impacted links, augmented by the
set of incoming links at each upstream boundary node, and
the set of outgoing links at each downstream boundary node.
Note that this set of incoming and outgoing links at bound-
ary nodes may contain duplicate entries due to the presence
of cycles in the network. The effects of such dependent flows
will be neglected at the present time.
The Control Model

The traffic model described above provides the predicted
traffic flow on the incident-impacted links over the time
horizon, N, as a function of the control variables, t and h.
The model is defined so that the initial time corresponds to
the current time, as in a rolling horizon or a model predictive
control (MPC) approach. It is necessary to distinguish here
the two different time scales: the flow model described in the
previous section requires a spatio-temporal discretization
into cells and time steps such that the minimum time
required for a vehicle to traverse each cell is no less than the
time discretization interval. We shall refer to this time index,
as before, as n=1, 2, . . . N. On the other hand, the optimal
controls should be updated less frequently, i.e., at the subset
of'the n time instants, given by the T control decision points.
In practice, only the first, or the first few, optimal controls
are implemented, the remainder of the time horizon is used
to approximate a closed feedback loop.

The solution to the control model should increase the
throughput in the affected region without having a negative
impact to the boundary of the region. Typical objectives
include the minimization of total network delay, defined as
a weighted sum of the flows on the links of the network, and
the sum of squared occupancies or normalized densities.

The junction model of equation (4) above involves the
maximization of the throughput, or flow through the junc-
tion. Given that flow is maximized in the junction model,
utilizing a minimization objective of total delay, itself a
weighted sum of flow, would be incompatible with this
formulation. Thus we shall seek the maximization of the
outflows on the network whilst, as in the junction models
above, maximizing the sum of the flows at all of the
junctions, the latter objective having a lower weight.



US 9,430,942 B2

9

In addition to including the impact of the incident through
the spatio-temporal boundary conditions, the effect of traffic
control measures on the flow must also be represented in the
traffic model. We consider primarily two forms of traffic
control: hard controls, accomplished via traffic signal timing
changes, referred to as t, and soft controls, defined as driver
information and recommendations, h, displayed to drivers
on variable message signs at fixed locations, on a website, or
using some form of voice-based text messaging.

Various mechanisms are available to incorporate the effect
of controls into the traffic model: the shape of the funda-
mental  diagram,  [[Qu(D-QuOQuar)ll Q)=
Q.(*,Q,,4x.0)» Tor each link, eel(v), and more specifically, for
the last cell within that link, entering the junction, may be
modified according to a pre-defined function of its parameter
Q,ax.c given the traffic signal timing change at a junction v.
Specifically, for a network link, e, and cell C,, where head
(e)=head (i), and there is only a single traffic signal approach
is controlled, for instance, the approach from link e to £,

O8O "8 M

where g.” is the reduction from the total design capacity
Q raxe’ due to traffic signal red time at the downstream
junction of link e.

The impact of this modification on the junction would be
through the sending functions, so that S_=S_(g,”), and on the
last cell on the link, via the modified maximal capacity of
equation (7) in the fundamental diagram, Q,,,,,...” of equation
(2). The impact of the capacity reduction at the junction on
the rest of the cells on the link is handled via the traffic
model through flow propagation. In this way, the impact of
the traffic signal change acts an average level over the traffic
cycle, by reducing (or increasing) the maximal outflow on
the cells entering the junction as a function of a percent
reduction (or increase) in green time.

Note also that we do not explicitly consider phases here,
the green time change on all the phases would be adjusted
and the impact of that total adjustment on the green times of
all phases on the other links entering the junction adjusted
accordingly, as follows.

The variable g is, in practice, a function of the time
allocated to each phase of the traffic signal cycle at the
junction v=head (e), denoted t,;/” for the jth phase at the
junction v during control time step n, where H,, is the set of
the phases available at junction v. Then g.” for link e is given
by the sum of the green time allocated to vehicles coming
from link e into the junction over all phases, divided by the
total cycle length, Lv:

. ®)

1 T]f
DI IPIN v
fejDecj(0) =Mane

jety

where j(0) is the vector of the origin link of each movement
of the phase j in H , and j(1) is the vector of destination links
of each movement, and ne} is the portion of the capacity of
link e pertaining to the movement ef, such as the capacity of
a turning lane, if the movement ef is a turning movement.
Whereas the set of phases and the cycle length typically
vary, e.g., for the morning versus the evening or night, we
assume that they are constant for the duration of the opti-
mization, and hence do not require an index. The decision
variables are therefore the green time allocated to each
signal phase, t,”, for each phase j and each junction v, at
every control time step n. In addition, each signal phase
variable is associated with bound constraints and a simplex-
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type constraint on the total cycle time, for every time step n
and every junction v and phase j:

Ly =1y <y, )

RN

JeHy

10

The matrix B, of splitting rates at junction v can be
defined in terms of the t,,” for controllable junctions. Let the
set V" be all such controllable junctions at time n. Similarly,
the set of links entering junctions ¥V is referred to as £” at
time n. Specifically, for veV, the splitting rate for an adjacent
pair of links (e,f) is the capacity associated with a given
movement over all phases that include that movement
multiplied by the total time the movement is active, nor-
malized by the same over all movements:

. (1
ZjeHv:(e,f)ej BTl

Per(5y) = ,
ZjeHv I@'Z(e,f)ej Hef

for each pair (e,f) such that head(e)=tail(f)=v. Note that
pes (") is nonlinear in the control variable t,”.

For links where traffic information provision is available,
e.g., a variable message sign is present, h /" is introduced
into the traffic model by adjusting the splitting rates, p./ by
a quantity to optimize, dp,/, and thus the decision variable
h” enters the traffic model through the node-specific matrices
B, (t,”,h"), which depend on the traffic signal control variable
as well as via equation (11):

dp g0 = €1y, 12

Per(ty, W) = pr () + dpgf(hgf)a (13)

Py 1= p(d) (14
- =hy = s
o &or

where §_/ is a given constant quantifying the compliance
rate §,/” for the adjacent link pair (e,f) at time step n. The fact
that the compliance rate depends upon both e and f. allows
for a higher compliance when the diversion concerns the
adjacent network link, i.e., head(e)=tail(f), since the cause of
the suggested diversion may be visible to the driver or for
diversions that are more likely to be followed by drivers. For
diversions suggested further upstream, compliance rates
may be lower. The constraint (14) provides the 0-1 bounds
on the total splitting rates for each movement, p “+dp, /.
Note, however, that the constraints are nonlinear for junc-
tions veV where t” is a decision variable.

The formula 15 below sets the splitting rates of those link
pairs with a non-zero soft control, and then re-allocates the
remaining proportion to the outgoing links p_,/”, leO(head
(e)),h_~0 whose traveler information control variables are
null, while maintaining the proportionality of the initial
splitting percentages for those outgoing links.
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per (L3, B') = 13
Per () + &0 hy, if (i #0), and
PartL= 3 opeadion Por @)+
P+ ") . =0)

Zicothead(en =0 PetB)

Formula 15 holds for non-adjacent links as well as
adjacent links, for example, h,.”, where link u is upstream
from and non-adjacent to link e and link e is directly
adjacent to link f. However, this requires a mechanism for
identifying which downstream link e is the relevant link,
since there may be more than one path from link u to link f,
as in via links e, and e,. In addition, given the complexity
of the model, and the non-uniqueness of the optimal solu-
tion, it is preferable to optimize the travel information
control variable h,/ for adjacent links e,f, only and to solve
a separate problem to distribute the traveler information on
multiple upstream links in a way that achieves the target
diversion rate of p_+E, h /.

Nonlinear Control Model

A nonlinear formulation of the optimal control model

using the objective criterion described above, [[with
0O=g,[11,]] with O=g,<<1, the weighting factor between the
exiting flows and the full set of network flows, may be
expressed as follows.
Let g, be the flow out of the last cell on link e into the
junctioen, such that the node v=head (e) is adjacent to the cell.
The flows into the cells i on the link e are labeled
q;, fori=0 . . . C_-1. The flow into the first cell on link e, that
is, the cell exiting the upstream junction v=tail(e), is referred
to as ¢, and does not have a cell immediately upstream so
its flow is computed using the junction outflows. Q, ., (p”,
g") is given by equation (2). Recall that the control optimi-
zation framework is considered to be a Model Predictive
Control (MPC) that solves the time-dependent control prob-
lem on a rolling-horizon framework, implementing only the
first control point and then updating the time steps and
solving again. For notational simplicity, suppose that the
current time is however always denoted by n=1. Then, we
have,

EN < (16a)
parh [Z 8edc, et Z Sudl
n=1 ecE =
Such that:
L AN N (16b)
At =pt, + H(‘f},e g,
j=1..ChecEn=1..N
95, = Pl KNGy pe€ Ein=1 .. N (160
Jel(eail(e)
: - 16d
&= — 1 " eeEn=1..N (16d)
b JjeH, Fej(lrecj() =Moxe
Wt = Ky, (n+ DmodAr 0, f € O, f & Ohead(e)), (160)
eeE,n=1...N
gr*! = g2, (n+ DmodAt # 0, f € O(head(e)), (166)

eeE,n=1...N
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-continued

Fire=Qie(@),i=0 ... C, =2, e € E, v=head(e), (l6g)
n=1..N
4, = Qc,ep", g e€En=1.. N (16h)
Zl‘@-:L‘,,veV,nzl...N (161)
JeHy
> Bypl@, W)aE, . < R}, f € O0), aej
ecl(v)
ee€ E,v=head(e), w=head(f),n=1 ... N
O=gqt, ,<S(gl)e€En=1..N (16k)
ly<rh<uy jeH,veV.,n=1..N (161)

o (1 1= po () (16m)
—pf,f ). p < Ve ),fEO(head(e)),

of Sor
eeE.n=1...N
0<p! < pmare, i=0,... Ceee E,v=1 ...V (16n)
4, 20,i=1,...C,e€En=1..N (160)

The objective function is a product of the allocated
capacity per link and the flow on that link and contains two
sets of terms since a higher weight is applied to the flows on
the cell that exit each link into its downstream junction. The
other flows are also maximized but with a weight T, much
less than one. The equality constraint (16b) describes flow
propagation between cells on each link. The constraint (16¢)
defines the flow into the last cell on a link as a function of
the splitting rate function of (15) and the flow into the
junction just upstream of the cell and is therefore nonlinear,
since p(h,,) is linear in h” and nonlinear in t”. Constraint
(16d) is a definitional constraint that defines the effect of the
control optimization of the phase timing at a junction in
terms of each upstream link and its associated capacity
reduction, and is used only to simplify the notation in the
remainder of the model. Constraints (16e) and (16f) state
that the control decision variables t” and h” may be updated
on the time scale given by At and not in between. Constraint
(16g) states that the fundamental diagram of (2) gives the
flows on the cells internal to each link, where equation
system (2) depends upon the traffic signal decision variable
t” as defined in (8); as stated, this constraint is non-convex
due to the min function. In addition, constraints (16g) and
(16h) are given by a piecewise-concave flow function. The
constraint (161) is a simplex constraint on the total cycle time
at each controllable junction veV.

The inequality constraint (16j) provides the flows into the
junction from the first cells on the links just upstream of the
junction; the left-hand side contains, therefore, the control
variable and both the flow variables, the phase timing
variables t, ", and the traffic information decision variables
h”", via the matrix of splitting rates, B(p(t,”, h")), and hence
is nonlinear. The index of the receiving flow function on the
right-hand side of constraint (16j) corresponds to the cell
outgoing from the junction n. At the junctions, the sending
flows are expressed as a function of the traffic control
decision variable g"(t,”) while the receiving flows are not
defined as a function of the upstream signal timing change.
The inequality constraint (16k) is a function of the traffic
signal control decision variable, g”, and provides the con-
straint on the sending flows into the junction. Note that S,
corresponds to the sending flow function for the first cell on
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link e, incident to the junction. Constraints (161)-(160)
provide the bounds on the control decision variables, the
density variable, and the flow variables t”, h”, p” and q",
respectively.

The model given by (16a)-(160) is therefore a continuous
optimization problem with a non convex, nonlinear objec-
tive function and a nonconvex, nonlinear feasible region.
Based on the MPC approximate closed-loop approach, it is
assumed that the model is re-run at every timestep t, with the
solution t*(At),h*(At) implemented, and then the time index
n reset to 1 to re-run the model over the full horizon N. If
computation times are long relative to the time period given
by Aw, it is possible to implement the first few optimal t* h*
from the model run at n=1.

Reformulation of the Control Model

By assuming that the fundamental diagram Q,(p”,
Qoraxe ) 18 piecewise-linear for each link e and time step, n,
the system (2) defining intercell flow dynamics can be
simplified. In our setting, the shape of each fundamental
diagram depends upon g.” when head (e)eV. Thus, g, can
take values so as to reduce the maximum feasible outflow
from link e, via a trapezoidal fundamental diagram on the
link e. In other words, the free-flow speeds v, backward
wave speeds w, and p,,,, need not change in the case of a
piecewise-linear fundamental diagram by the use of g” as a
control parameter acting through Q,, ... What does change in
allowing for a reduction of Q,, . through a trapezoidal
fundamental diagram is p,: in this case, there is a range of
values for the critical density, p_€[p.;s Peal-

The sending and receiving functions, S and R, in terms of
the left and right bounds of the critical densities and in terms
of'the free flow and backward wave speeds of the trapezoidal
fundamental diagram, are then:

Vel if (o, € [0, perel) 17
8¢ (8head(e) = Dmax.e8headter L (Pe € [Petes Prmaxel) ,
0, otherwise
and
Opax. - i (0 €10, pe2 s (18)
R} =4 Qnax s + 0 (0 = Pl2.p), i (Pr € (P2 s Prmar )
0, otherwise
where
Qhrax.e8h (19
frp = O e En=l N
. v
7
(20)
Pl g = Prax.s + 'Z)afx'f,feE,n=1 N

and either m/=0, the backward wave speeds are given, for
each link feE, or they are obtained from a triangular funda-
mental diagram as a function of the maximal flow possible
and the corresponding central critical density, p,. s

@D

n
max, f

wf=——>— feE,n=1..N.
4 Pe,f — Pmax.f f

Instead of requiring the four cases of system (2) to be
satisfied on the links, we can equivalently express the
intercell flows on the links as the minimum of the sending
and receiving functions, S and R, as is the case for the
junction flows of (16j) and(16k):

qi,en:min{RHl:Si(gvn)}
for i,i+1 cells on link e with v=head(e).
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Hierarchical Control

In typical traffic signal control systems, under normal
operations, certain junctions are designated as the leader of
a pre-defined group of junctions sharing certain geographi-
cal and flow characteristics, as exemplarily shown in FIG. 2.
One of the objectives of defining groups of junctions is to
permit the calibration of so-called “green waves” in which
the signals at a group of junctions are coordinated so as to
maximize flow out of the group. The role of the lead junction
is to reduce the complexity of the management of the group
of junctions to the local optimization for a single junction.
The parameters determined, for example, based on local
optimization of its flow, are then used for the other junctions
in the group. One such set of parameters would be the offsets
between the junctions in the group, another would be the
splits, or amount of green time to associate to each phase as
a proportion of the total cycle time. Lastly, the cycle time
itself may be a parameter.

Some systems have multiple levels of this type of hier-
archy, in which the group leaders are associated and, of
those, one is designated leader, and the process repeats. The
objective of this type of localized and simplified operation
was to permit some real-time optimization to be performed
while minimizing drastically the computational burden.
Indeed, because typical systems perform local computa-
tions, if many junctions independently performed local
optimization of their own parameters, the resulting solution
could be sub-optimal for the system as a whole.

On the other hand, as described in the literature else-
where, numerous global network models have been pro-
posed for traffic control. Such models avoid the sub-opti-
mality issue mentioned above, but on the other hand are
unable to take into account the hierarchy present in the traffic
network and used by operators to handle such flow-based
requirements as green waves, etc.

Hence, we provide a variation of the control model
(16a)-(160) which takes into account the hierarchy present
in existing systems while maintaining a network-wide opti-
mization of the control variables.

Consider a traffic control system in which there are T
hierarchical levels, where level T represents the lowest level
and contains junctions which follow the parameter settings
of the lead junction of its group, and 1 represents the highest
level of the hierarchy. The hierarchy can be represented as
a tree (or a forest) with the lowest level of junctions, level
T, at the leaves of the tree. The leaves are ordered into
groups of related junctions, one of which is designated as the
leader; then the parent of the leaves is defined as the leader
of'each group, at level T-1. If there are multiple groups each
with a leader, then those leaders are coordinated at the next
level of the tree, T-2. The tree terminates may terminate
with a root node or with multiple parents if no single
junction leads the others. In the latter case, we have a forest,
in the former, it is a tree. Note then that the lead junctions
are repeated at multiple levels of the tree or forest.

In order to represent the hierarchy, assign a default weight
of 1 to each leaf node. Then, the weight assigned to the
parent of the leaves in each group of level t is given by

@23

Wyp-1 = § Wity

i
ucVy ,

where V, /! is the group of junctions lead by node v at level
tand w, =0 if the junction u is not present at level t. As such,
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the weight for node v at level t-1 is higher than the sum of
the weight of the non-lead junctions in its group. The process
is repeated at each level of the hierarchy.

The weights of the junctions are then summed over all
levels of the hierarchy,

@4

T
wy = Z Wyt
t=1

The objective function (16a) is defined in terms of flows and
specifically in terms of flows of cells into the junctions, q..”.
To model the hierarchy on the junctions, we thus modify the
weights on those flow variables as follows:

N Ce-1

max Z Z g?Whead(e)q"cg,g + Z Yeidie
p.q.t.h

n=1 eeE i=0

@5

FIG. 2 shows a simplistic example 200 of this approach,
as exemplarily applied to a small portion of a traffic network,
if the weights at the different levels are calculated as
described above.

Hierarchical Control in the Presence of Incidents

In order to take into account the impact of one or more
incidents on the network, this framework can be used with
a modification of the definition of the lead junction. FIG. 3
shows a simplistic example 300 of this modification.

Specifically, define the set E” as the set of links with
incidents active or predicted to be active at time n, and let
7,/ '€[0,1] be the percent capacity reduction due to the
incident on link e' during time period n. Further, define the
set of junctions having an incident of high severity on a link
outgoing from the junction V'=={¥"eV:¥"=tail(e),c'el"}
numbering them in decreasing order of severity.

At level T-1 of the tree, assign the first incident-affected
junction, v, to be a parent node of its group, and so on for
the other incident-affected junctions, unless its parent is an
incident-affected junction higher on the severity list. At
higher levels of the tree, the question is which junction is to
be designated the leader, and in particular, if the incident-
affected junction is to replace the previously-designated
leader.

Incidents themselves can be modeled by reducing the
maximal capacity of the incident-affected link. Consider &'
an incident-affected link. From the capacity reduction, z.”,
the remaining maximal capacity is given by the value

Opmrce” ~(1-2e") Oy et

is employed during all such periods n in the model. In
addition to the reduction of capacity on the incident-affected
link e', the splitting rates need to be adjusted as well. We
assume that for each link of the network there is at least one
potential detour route in the event of an inability to traverse
the link due to an incident. Thus the splitting rates must be
redefined in terms of the available detour routes around the
incident-affected link. For all links f predecessors of the
incident-affected link €', p,”", fepred(e"), the splitting per-
centages are redefined as p, " ',

6

pﬁ,’":(l—ze")pfey". @7

The remaining quantity z,”p, " is allocated proportionally to
the non-incident outgoing links from f, and then optimized
via the use of the control parameters h,”, i.e.,
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, z p?e/ (28a)

P1e = [omead )= 1

m, >0 (28b)

for all (&,f)e{eeE:tail(e)=head(D=tail(e")} x{feE:fepred(e")}.

When an incident disrupts a pre-programmed “green
wave”, the control model is designed to generate an alter-
native corridor that avoids the incident link. This is achieved
by the optimization of the control parameters h just upstream
of and around the incident link.

Leveraging Additional Network Data to Reduce Model
Complexity

The purpose of this section is twofold. On the one hand,
a goal is to further constrain the set of controllable resources
to be optimized t, h, to those having the most impact on the
incident-impacted links. Hence, reducing the feasible plan
set accomplishes the objective of reducing the dimension-
ality of the optimization problem, as well as ensuring that
the resources to be controlled are those that are, or would be,
the most heavily saturated from the incident. On the other
end, a goal is to include additional data sources to increase
the accuracy of the resulting control suggestions. To this end
we incorporate simulated path flows and observed traffic
counts into the model.

A key input to the definition of the feasible plans is the set
of typical paths and path flows on the network. These are
expected to be provided by a static or dynamic descriptive
model of the traffic flow on the network, such as via a static
or dynamic user equilibrium or simulation model. In many
cases, such static or dynamic path and path flow information
will not be available and no reasonable feasible plan set
reduction can be achieved. However, in cases where input
from a traffic assignment module is available, it is of both
computational and practical benefit to make use of the path
and flow data to identify the subset of signals typical most
critical to congestion reduction in the presence of an inci-
dent.

Let W= VxV be a set of origin-destination (OD) pairings.
For each pairing w=(orig(w),dest(w)),weW, there is a
demand for travel from orig(w) to dest(w) at time n. Traffic
enters the network at orig(w) at time n, bound for dest(w),
at a rate r,”, where origin nodes are considered as sources
and destination nodes as sinks. For each node veV, we define
the sets:  W,(v):={weW|Orig(w)=v} and W,v):=
{weWI|Dest (w)=v}. The time-varying OD demands for the
network are contained in the IWl-vector r”.

Drivers choose a path from their origin to their destination
at a departure time, n. Let P” be the set of possible time-
varying paths through the network having departure time n.
For each weW we define the set:

P, = P":={jeP:j from orig(w) at time n to dest(w)},

where each path j may be represented as an ordered
sequence of 2-tuples:

i=llerny); (epmy); . - }

and where (e,,n,) refers to the first link on the path j and
n, the time that the link is entered, and so on. We relate paths
and links through a set of indicator functions, where 1/ is
equal to 1 if link e is contained in path j. We define also q,,”
as the average volume of flow from path j on link e at time
n.

Flow Contribution Factor Matrices

The proposed feasible plan reduction approach works as
follows. Through the use of the path flow input data, one or
more flow contribution factor matrices are computed. These
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matrices then allow for the calculation of the set of candidate
junctions for traffic control, as well as determining the form
of the potential traffic control to be performed. Hence, the
size of the traffic control is effectively reduced by the
limitation of the number of traffic signal control decision
variables and potentially by the allowable range of each.

A flow contribution factor is defined as I', ", which is the
percentage of flow on link f at time n+T that is on link e at
time n, for T=1 . . . N-n. Consider first the case in which a
single, static set of paths is available on the network so that
the time indices are dropped. Then, the downstream flow
contribution factor matrix I'” can be computed via a breadth-
first-search by storing the following values row-by-row for
each link eeE. For all children of link e,f;={feO(head(e))},
re A Degp where p, , is, as before, the splittipg rate frpm
link e to link f. Then, for the children of the children of link
e, {11, s PesiPrs (Lo ) Dy SO that, in general, the
eth row of the downstream flow contribution factor matrix is
defined as

T, 4 =Pz, Vf1€O0(head(e)), (29)

Uep =Tes s s Vo 1€0(head(fy) (30)

The upstream contribution factor matrix, I'* is computed
for static path sets in an analogous manner, with

Lo =P Vfieltail(e), 1)

U =Cer Prosy Voeltail(f, 1))

with the eth column in this case defining the most perti-
nent upstream links =1, . . . E with respect to the link e.

By keeping track of the cumulative distances from link e
to the other links, a threshold dist(e,f)<y, may be used to
limit the depth of the breadth-first search. Similarly, or in
addition, a threshold in terms of the magnitude of T, /=2y,
may be used to limit the search. For example, a geographi-
cally restricted optimized control plan for an incident at link
e starting at time n may include the set of downstream links
J. (v, v,) such that

€2

TR T, 2y dist(e =y, VEET (33)

The definition of J,* is analogous with the difference being
only a substitution of the vector I',*. By varying the param-
eters vy, and y,, a family of feasible plan sets may be
computed.

While in many cases, only static paths on the network are
available, it is desirable when possible to make use of
time-varying paths. If time-varying path sets are available,
then multiple contribution factor matrices may be computed,
with each defined in terms of the departure time of the path
set.

Thus, for a finite horizon of length N, up to 2N such
matrices may be computed, one downstream and one
upstream matrix for each desired departure period,
I~ and =", respectively. Defining the subset of paths that
enter link e at time n as P.”, we compute the number of
upstream vehicles entering link f which will enter link e at
time n, d.”", by

g =) > ap). G4

jeplin'zn

Note that the subset P,” defines the set of paths departing
from link e at time n whereas the set P,.” required above is
composed of those paths traversing link e at time n.
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Similarly, the number of downstream vehicles entering
link f having entered link n at time n, §,, 4,/ is

ZEDIPIALP G
jepin'zn
7 36)
Then, [ = — 2.,
X 4y
Jep}
n ey @D

In this case, the geographically restricted, time-varying set
of junctions to include in a control plan optimization are
defined by a set of sets. Given an incident at link e starting
at time n and of expected duration k", the set of potential
downstream links J,""(y,, Y,) to include in a control
optimization at time n' is

T Y2)= 13 W =y, diste )=y, VRE},

for n'e[n,n+x,”].

As before, the definition of J,* is analogous, with the
difference being only a substltutlon of the vector T',,*”
Also as before, by varying the parameters yl and v,, a famﬂy
of feasible plan sets may be computed, in this case for each
time step n'.

The Control Model Over the Reduced Plan Set

For a given pair of parameters, (I';, y,), the reduced set of
junctions to be considered for control optimization can be
identified as described above. Recall that the set ¥ is all
such junctions at time n; add to that set the incident junctions
themselves, V", defined in a previous section above as those
junctions directly upstream of incident links, so that
V"< V”. Then, the optimal traffic control problem can be
modified to include as decision variables only those t,” and
h,” for vyV”. Similarly, the set of links entering junctions ¥
is referred to as E” at time n which includes as a subset
E” = B” the incidents active or predicted to be active at n.

(39)

(39)
= Z [Z &0 (0 Whead(e)q Cere + Z cud!
ecE
Such that:
/ (39b)
pf;l_Pje (fln qjlg i=1..¢
eckn= 1,
D, Pidl e €E\E =1 N (39%)
Jel(ail(e)) -
Gho= D, Pl ecEin=l N (304)
Jelail(e))
1 ' ) .
ge=7 ) " efn=1..N (3%)
jem, feilresjo) max,e
B = By, (n+ DmodAt % 0. f € Othead(e)), (306)
eeEﬂ,nzl,... N
gt =gl (n+ DmodAt # 0, f € Othead(e)), e € £, (39)
n=1,... N
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Gite = Qiel@),i=0,... C, =2, e € E, v =head(e), (3%h)
n=1,...N
q'éeye =Qc, 0" g ) e€E,n-1 ... N (391)
Zt’vlj:l,v,vev,nzl...N (39)
JeHy
Z Bgf,vq'égye <R}, feOm),eeEN E, v = head(e), (390k)
ecl(v)
n=1,...N
> By p" W, <R, fEO0), e e E, (39
ecl(v)
v =head(e), w=head(f),n=1 ... N
Osq”CE'L,SSZ},eeE\fEJ’,v:head(e),n:l,...N (39m)
Osqb , =<S.(g ecE v=headle)n=1... N (39n)
Lj<ti<uy jeH,veV.,n=1 ..N (390)

o () 1= per(ry) - (339p)
Pt n < pnf , f € Othead(e)), e € £,

&or of
n=1..N
0<p! < pmare,i=0,... CopeeE,v=1,... N (39q)
qﬁgzo,izl,___Cg,eeE,n:I,...N (39n)

Decomposition-Based Simulation-Optimization Heuristic

The very large size of the model (39a)-(39r) for networks
of' even moderate size means that many techniques typically
used on nonlinear programming models are not effective in
this case. For that reason, we develop a decomposition-
based simulation-optimization method that takes advantage
of the effective algorithms available for solving the network
flow of subproblem. For a fixed set of control variables t and
h, the remaining problem in the flow and density variables
q and p can be solved via forward simulation-type methods
which are highly efficient, even on problems a medium to
large size. Conversely, given a flow based on a fixed set of
controls t and h, the control variables can be updated by
solving an optimization problem, but in far fewer variables
and constraints.
Simulation Sub-Problem

The idea behind the method is, therefore, to start with an
initial set of values for the control variables t* and h¥, and
hence g“(t*), for iteration k=0, and to solve the macroscopic
network flow problem given by, for each cell 1 on link e and
over all links eeE:

=t 7 (40)
Pi =p0; + A_(Q(pi)_ Q(PJ)),
X
with, as before,
Q). if (0} =pf < pe) @1
. Q%) if (o < pPy < P10
Qi = o o '
er;ax,g’ if (ofy = pe = pF)

min{Q(0f), Qo )h,  if (of =< o)
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where this cell C, is on link e, and if eef” for time step n,

kg fon 42)
ZfeO(head(e))ge (/V( )

k -
Oimare Pce) = Qlpe.e) [Othead (@) )

Otherwise, if eeF\[” at time step n, Qmax,ek’" is a constant
independent of the contro] variables t.

At the junctions, ve VAV”, the original junction model of
equations (4)-(6) is solved, whereas the following linear
program is solved with fixed values of g“*=g*”*(t**) and h*"
for junctions ve¥V”:

gk, H @t . 43)
g g, ) e argr‘r;jiizeel(v)q
such that
By(pU")g < RY". f € OW),
O=g= S’;'n(gfzé';d(e))s eelv),
Vel Gf pe €10, pcy el (44)
80" Gheade ") = | Qavehoaato &): GE Lo € 1Py ex P |
0, otherwise
and
Qpar.s, Gf pj €10, pey,rD) (45)
Ry =3 Qo + 05 (P = Py s GF pr € [0y, Ponac ]
0, otherwise
where
Ormax,e8head(e (46)
p’é’l'fg= #,eeﬂn:l ... N
fn = 4 Gras feEn=1..N “7
Pey.f = Prmax.f wr eEn=1..

with, as before, either w20, the backward wave speeds, are
given for each link feE, or they are obtained from a
triangular fundamental diagram as a function of the maximal
flow possible and the corresponding central critical density:

Qs
Pe.f — Pmax,f

(48)

wyf ,feEn=1..N

Optimization Sub-Problem
Then, given the current flow solution g*=q*(t*h¥), the

following nonlinear programming problem is solved, to
obtain t**'(q"), h**'(q") where p,/(t,”, b"") is nonlinear in t,”":

(49a)
v % gg(tc)wheadw)q,é:,e +
maxZ = eck
bh = . Gl
Z Pl Hge [+ Z Leidin
Jjel(ailey =0
Such that:
q,(‘):',} = Z £t h”)ch'ﬁj/,eeﬁﬂ,n: 1...N (49b)
Jjeltail(e))
1 Z . 49¢
g =— I'JJ Z Tef ,eeE,n=1...N @9
L fej(Diecj(0) Oraxe

JeHy
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-continued
Bt = W, (n+ DmodAT # 0, (49d)
f eOheade)),ec E,n=1..N
e = g2 (@), (n+ DmodA7 # 0, f € Othead(e)), e € E, (49)
n=1..N
Z i=L,veV.,n=1..N
JeHy
> B (P gL, < R, f € 00), e € E', v =head(e), (496)
ecl(v)
w=head(f),n=1...N
0= ‘Ilé:,e <S,(g" "), ec ', v=headle),n=1 ... N (5490h)
ly<ti<uy jeH,veV.,n=1..N 49)
” 1-ple(el 49j
_Pef( v - h',}f - Pey ( v)’ (49
e o

f € Othead(e)), ec E",n=1... N

Linearized Optimization Sub-Problem

In this section, we consider a simplified version of the
optimization sub-problem in which the split rates at junc-
tions, e.g., equation 11, do not depend upon the traffic
control variables, t. In addition, some of the flow-based
constraints on the control variables are relaxed and handled
via the simulation sub-problem only.

Hef

_ (50)
ZjeHv Z(e,f)ej Hef ’

P'L}f

for each pair (e,f) such that head(e)=tail(f)=v. Recall that ne;
is the portion of the capacity of link e pertaining to the
movement ef, such as the capacity of a turning lane if the
movement ef is a turning movement.

Then, the decomposed simulation-optimization problem
of (49a)-(49j) reduces to the following linear program, for

given (q,p%).

(51a)
gg(lc)whead(ﬂq,é:,e +
N
maxZ = eck
! - Co—1
= nogny ko kn
Z Pj,g(h )qu,j]“' Z Ceidie
Jjelail(e) =0
1 " 51b
such that gi = E 1 an R ©G1b)
o, feiecjo) e
ee fEﬂ, n=1..N
& = g2, (n+ DmodA7 £ 0, f € Othead(e)), (le)
ee Eﬂ, n=1..N
Zz’v‘j:L‘,,veV,n:I...N (51d)
jety
0= ch':g <8, (g"), ec E',v=head(e),n=1 ... N (le)
Lysfy<u, jeH,veV,n=1..N (520)

Exemplary Hardware Implementation
FIG. 6 illustrates a typical hardware configuration of an
information handling/computer system in accordance with
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the invention and which preferably has at least one processor
or central processing unit (CPU) 611.

The CPUs 611 are interconnected via a system bus 612 to
a random access memory (RAM) 614, read-only memory
(ROM) 616, input/output (I/O) adapter 618 (for connecting
peripheral devices such as disk units 621 and tape drives 640
to the bus 612), user interface adapter 622 (for connecting a
keyboard 624, mouse 626, speaker 628, microphone 632,
and/or other user interface device to the bus 612), a com-
munication adapter 634 for connecting an information han-
dling system to a data processing network, the Internet, an
Intranet, a personal area network (PAN), etc., and a display
adapter 536 for connecting the bus 612 to a display device
638 and/or printer 639 (e.g., a digital printer or the like).

In addition to the hardware/software environment
described above, a different aspect of the invention includes
a computer-implemented method for performing the above
method. As an example, this method may be implemented in
the particular environment discussed above.

Such a method may be implemented, for example, by
operating a computer, as embodied by a digital data pro-
cessing apparatus, to execute a sequence of machine-read-
able instructions. These instructions may reside in various
types of signal-bearing storage media.

Thus, this aspect of the present invention is directed to a
programmed product, comprising non-transitory, signal-
bearing storage media tangibly embodying a program of
machine-readable instructions executable by a digital data
processor incorporating the CPU 611 and hardware above,
to perform the method of the invention.

This non-transitory signal-bearing storage media may
include, for example, a RAM contained within the CPU 611,
as represented by the fast-access storage for example. Alter-
natively, the instructions may be contained in another non-
transitory signal-bearing storage media, such as a magnetic
data storage diskette 700 (FIG. 7), directly or indirectly
accessible by the CPU 711.

Whether contained in the diskette 700, the computer/CPU
611, or elsewhere, the instructions may be stored on a variety
of machine-readable data storage media, such as DASD
storage (e.g., a conventional “hard drive” or a RAID array),
magnetic tape, electronic read-only memory (e.g., ROM,
EPROM, or EEPROM), an optical storage device (e.g.
CD-ROM, WORM, DVD, digital optical tape, etc.), paper
“punch” cards, or other suitable signal-bearing storage
media, including storage devices in transmission media
involving either digital or analog, communication links, and
wireless. In an illustrative embodiment of the invention, the
machine-readable instructions may comprise software
object code.

While the invention has been described in terms of
various preferred embodiments, those skilled in the art will
recognize that the invention can be practiced with modifi-
cation within the spirit and scope of the appended claims.

Further, it is noted that, Applicants’ intent is to encompass
equivalents of all claim elements, even if amended later
during prosecution.

The invention claimed is:

1. A computerized method for adjusting control param-
eters of a traffic management system in a presence of one or
more incidents on a network, said method comprising:

representing, using a tree format, a prioritization across

network junctions, as executed by a processor on a
computer,

associating weights with each junction as a function of its

height in the tree; and
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solving a real-time optimization of control parameters for
the network, using the weights on the junctions,

wherein, upon an occurrence of an incident in the network
and depending upon a severity level of the incident, an
incident-affected junction is selectively elevated higher
in the tree, and the reallocated junction weights result-
ing from the incident are used for solving the optimi-
zation of network control parameters, and

wherein the real-time optimization comprises exercising a

traffic model comprising a macroscopic fluid flow
model, describing flow of traffic on links in said net-
work, and a junction model, describing how traffic on
an incoming link to a node of said network is propa-
gated to outgoing links of said node.

2. The computerized method of claim 1, further compris-
ing providing an output to change one or more control
parameters in the network.

3. The computerized method of claim 2, wherein the
system describes a road transportation network.

4. The computerized method of claim 3, wherein the
control parameters are changed by at least one of:

a hard control, whereby a traffic timing is changed; and

a soft control, whereby at least one of information and a

recommendation is displayed to drivers.

5. The computerized method of claim 3, further compris-
ing:

exercising a traffic simulation model, to identify typical

routes of drivers; and

identifying junctions in said network most likely to

require traffic control to alleviate an incident-related
congestion.

6. The computerized method of claim 3, wherein priori-
tized corridors, “green waves”, are defined in said network,
wherein traffic signals for a series of junctions in said
network are coordinated to permit waves of traffic to flow in
said series of junctions.

7. The computerized method of claim 6, wherein, in a
presence of an incident, traffic is selectively diverted from
one or more affected green wave through an alternate
corridor of said network.

8. The computerized method of claim 2, wherein optimal
control values are computed a posteriori and serve as
starting points when similar incidents occur or for future
planned events.

9. The computerized method of claim 2, wherein the
system describes one of an energy grid network and a water
supply network.

10. The computerized method of claim 1, further com-
prising:

receiving data indicating current traffic in the network;

and

detecting that an incident has occurred.

11. The computerized method of claim 10, wherein said
detecting an incident has occurred comprises at least one of:

using the current traffic data to automatically detect an

incident;

receiving an input that indicates an incident has occurred;

and

receiving an input that indicates that a planned event will

invoke an incident in the network.

12. The computerized method of claim 1, wherein an
incident is modeled by reducing a maximal capacity of an
incident-affected link.
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13. A computerized method for adjusting control param-
eters of a traffic management system in a presence of one or
more incidents on a network, said method comprising:

representing, using a tree format, a prioritization across

network junctions, as executed by a processor on a
computer,

associating weights with each junction as a function of its

height in the tree; and
solving a real-time optimization of control parameters for
the network, using the weights on the junctions,

wherein, upon an occurrence of an incident in the network
and depending upon a severity level of the incident, an
incident-affected junction is selectively elevated higher
in the tree, and reallocated junction weights resulting
from the incident are used for solving the optimization
of network control parameters,

said method being incorporated into a control optimiza-

tion framework that solves a time-dependent control
problem on a rolling-horizon framework, implement-
ing only first control point of the framework and then
updating time steps and solving again.

14. A non-transitory, computer-readable storage medium
tangibly embodying a set of machine-readable instructions
to execute the method of claim 1.

15. A method of traffic control, comprising:

representing a network for traffic as comprising a plurality

of links interconnected by a plurality of nodes;

loading a traffic model for execution by a processor on a

computer, the traffic model comprising a fluid model,
that describes a flow of traffic within links of said
network, and a junction model, that describes how
traffic on an incoming link to a node is propagated to
outgoing links of the node, the traffic model assigning
priority weights to the nodes of the network and using
the priority weights for calculating parameters for
optimal traffic control in the network;

receiving, as input data into the computer, indication of

current traffic on the network;

exercising, by the processor, the traffic model with the

received input data to calculate one or more control
parameters; and

outputting the one or more control parameters from the

computer to one or more devices in the network that
control traffic flow,

wherein, upon an occurrence of an incident that causes a

disruption in an existing traffic flow on the network, the
traffic model adapts to the incident by changing one or
more of the priority weights of nodes within the net-
work, depending upon a location in the network and a
severity of the incident.

16. The method of claim 15, wherein the traffic model:

includes an arrangement of nodes of the network in a

hierarchy of nodes;

assigns a priority weight to each node based upon its level

location in the hierarchy of nodes; and

adapts to incidents by modifying the hierarchy of nodes to

place nodes affected by the incident at a higher level in
the hierarchy of nodes, thereby providing different
weights to nodes affected by the incident and permit-
ting the traffic model to calculate values for the control
parameters that automatically adapt to the incident.

#* #* #* #* #*



